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A three-phase electrode consisting of a droplet of a nitrobenzene solution of iron(III) tetraphenyl porphyrine chloride (Fe(III)-
TPP-Cl) attached to a graphite electrode and immersed in an aqueous electrolyte solution was applied to determine the standard
Gibbs energies of transfer of cations between water and nitrobenzene. The reduction of Fe(III)-TPP-Cl prompts the transfer of the
cations from the aqueous to the organic phase. The system is chemically and electrochemically reversible.
 2003 Elsevier B.V. All rights reserved.
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Since the lipophilicity is one of the most important
parameters for quantitative structure activity and
property relationships, the design of drugs signiﬁcantly
depends on the accuracy of lipophilicity determinations.
The usual measure of the lipophilicity of a compound i
is its partition coeﬃcient: Pi ¼ ciðoÞ=ciðaqÞ. For single
ions, it is connected with the standard potential of ion
transfer by the relation Pi ¼ expðziFD/ohaq i=RT Þ and it is
related to the standard Gibbs energy of ion transfer by
Pi ¼ expðDGohaq i=RT Þ; ðDGo
h
aq i ¼ ziFD/o
h
aq iÞ. While the
lipophilicity of neutral compounds is relatively easy to
determine by diﬀerent partition techniques [1], the de-
termination of the lipophilicity of single ions is still not a
trivial work. Until recently, four electrode voltammetric
measurements at the interface of two immiscible elec-
trolyte solutions were the only tool for measuring the
lipophilicity of single ions [1–11]. The weakness of this* Corresponding author. Tel.: +49-3834-864-450; fax: +49-3834-864-
451.
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doi:10.1016/j.elecom.2003.09.005technique is mainly due to the presence of electrolytes in
both the organic and the aqueous phases. This limits
signiﬁcantly the accessible potential window [3]. More-
over, non-polarizability of some interfaces such as wa-
terjn-octanol or other waterjorganic solvent interfaces
renders the usage of ITIES measurements to some sol-
vents, mainly nitrobenzene (NB), dichloroethane (DCE)
and nitrophenyloctyl ether (NPOE) [1–3].
The recent introduction of the three-phase electrode
approach [12] has overcome some of the limitations of
the four-electrode experiments, and led to signiﬁcant
progress in lipophilicity determinations of a large
number of inorganic [13–15], and organic ions [13–20]
across diﬀerent liquidjliquid interfaces, such as
waterjNB [12–14,16,17,19], waterjn-octanol [15,20],
waterjmenthol [18], waterjDCE [12], and waterjnitro-
phenylnonyl ether [21].
In the three-phase electrode experiments [12], an
electroactive lipophilic neutral compound is dissolved in
an organic solvent that does not contain any deliberately
added electrolyte. When a droplet of this solution is
attached to the working electrode and submerged in an
aqueous electrolyte solution, the created charges in the
organic liquid (due to the electrode reaction of the
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transfer of counter ions across the interface of the ad-
jacent liquid phases in order to maintain the electro-
neutrality of the organic phase. We have shown that the
standard potential of ion transfer across the liquidjliquid
interface can be deduced from the formal potential of
the voltammograms that portray the coupled electron
transfer at the electrodejorganic solvent interface and
ion transfer at the organic solventjwater solution inter-
face [12–20]. A similar approach for monitoring the ion
transfer across liquidjliquid interface was explored by
Compton and co-workers [21–25], where the redox re-
actions of electroactive organic liquids have been stud-
ied in three-phase electrode arrangements. The thin-ﬁlm
voltammetry method of Anson and co-workers [26–28]
is suitable for studying the electron transfer between
reactants located at the opposite sides of the li-
quidjliquid interface, but it is not appropriate for
quantiﬁcation of the ion transfers (for extended com-
ments see [13]). A three-electrode conﬁguration was also
used by Girault and co-workers [29] to follow the cation
transfer across a liquidjliquid interface. In this approach
an indirect polarisation of the liquidjliquid interface has
been achieved via the redox reactions of an equimolar
Fe(III)/Fe(II) couple, yet, the presence of electrolytes in
both phases and the absence of three-phase junction
have made this experiment fundamentally diﬀerent from
that of Compton and Scholz.
Here, for the ﬁrst time we are presenting the capa-
bilities of the three-phase electrode approach for fol-
lowing the transfer of cations across the waterjorganic
solvent interface completely analogous to the previously
reported case of anion transfer. Earlier, a three-phase
electrode was already used for studying the cation
transfer across the waterjNB interface utilizing the re-
action of iodine dissolved in NB [19]. However, due to
the complexity of the entire mechanism (kinetic and
thermodynamic control), and due to the reactivity of
iodine towards many organic compounds [19], that ap-
proach has only a limited applicability.2. Experimental
A 0.1 mol/l solution of iron(III) tetraphenyl porphy-
rin chloride (Fe(III)-TPP-Cl) (see formula) (Sigma–Al-
drich, Germany) was prepared by dissolution in
nitrobenzene or DCE, respectively. All other chemicals
were products of Merck or Sigma–Aldrich and were
used as purchased. All salts were dissolved in distilled
water of MilliQ purity, and all the solutions were satu-
rated with NB or DCE, respectively. A droplet of the
organic solution of Fe(III)-TPP-Cl of 1 ll-in-volume
was attached to the working electrode surface and
thereafter immersed in the aqueous chloride or nitrate
solutions of diﬀerent cations. A three-phase junctionwas always present between the three phases (graphite
electrode, organic solution, aqueous electrolyte solu-
tion). Square-wave (SW) and cyclic voltammograms
were recorded using the commercial electrochemical
measuring system AUTOLAB (PGSTAT 10, Eco-Che-
mie, Utrecht, The Netherlands). A conventional three-
electrode voltammetric cell was used. The working
electrode was a paraﬃn impregnated graphite electrode
(PIGE) with a radius of 2 mm, the reference electrode
was a AgjAgCl (sat. NaCl), while a Pt wire served as
counter electrode. After each experiment the PIGE was
cleaned by polishing it on a ﬁne carborundum paper.
Typical parameters for SWV were (if not speciﬁed
otherwise): SW frequency f ¼ 10 Hz, SW amplitude
Esw ¼ 50 mV, scan increment dE ¼ 1 mV, and starting
potential Es ¼ þ0:3 V vs. AgjAgCl. Cyclic voltammetric
measurements were performed in order to check the
reversibility of the overall process (at scan rates varying
from 10 to 600 mV/s). Consecutive cycling (at least 10
cycles) provided information on the stability of the en-
tire system. For the measurements in non-aqueous so-
lutions a conventional three-electrode cell was used with
Pt as a working electrode, while the reference Ag/AgCl
electrode was separated from the organic solutions by a
Vycor type membrane.3. Results and discussion
The basic principles of the three-phase electrode ap-
proach are presented in Scheme 1. The overall process of
electron transfer occurring across the electrodejorganic
solvent interface and simultaneous ion transfer at the
aqueous solutionjorganic solvent interface can be writ-
ten as follows:
OxðoÞ þ CatþðaqÞ þ e¡RedðoÞ þ CatþðoÞ ðIÞ
(Here Ox is Fe(III)-TPP-Cl and Red is [Fe(II)-TPP-
Cl].)
If no kinetic constrains exist with respect to the
electron and ion transfer, the thermodynamic treatment
Scheme 1. Scheme of the three-phase electrode approach utilising a cation transfer across the waterjorganic solvent interface. Inset: cyclic vol-
tammograms (10 cycles) of Fe(III)-TPP-Cl for TBAþ cations being transferred from water to nitrobenzene (v ¼ 100 mV/s).
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Nernst equation:
E ¼ EhOxðoÞjRedðoÞ þ D/
oh
aqCatþ þ
RT
F
 ln cðOxÞðoÞcðCat
þÞðaqÞ
cðRedÞðoÞcðCatþÞðoÞ
 !
: ð1Þ
In a ﬁrst approximation, the activities in the Nernst
equation have been replaced by concentrations. Since
the concentration of the cations in the aqueous phase
does not change signiﬁcantly during the experiment, Eq.
(2) can be rewritten as
E ¼ EhOxðoÞjRedðoÞ þ D/
oh
aqCatþ þ
RT
F
lnðcðCatþÞðaqÞÞ
þ RT
F
ln
cðOxÞðoÞ
cðRedÞðoÞcðCatþÞðoÞ
 !
: ð2Þ
Due to the requirements of maintaining the electro-
neutrality of the organic phase, it holds that cðRedÞðoÞ ¼
cðCatþÞðoÞ. The mass conservation law in respect to the
organic phase leads to cðRedÞðoÞ þ cðOxÞðoÞ ¼ cðOxÞðoÞ,
where cðOxÞðoÞ is the initial concentration of the reduc-
ible compound in the organic phase. By deﬁnition, for
cðRedÞðoÞ ¼ cðOxÞðoÞ, the formal potential (Eh
0
c ) of the
system is acquired
Eh
0
c ¼ EhOxðoÞjRedðoÞ þ D/
oh
aqCatþ þ
RT
F
lnðcðCatþÞðaqÞÞ
þ RT
F
ln
2
cðOxÞðoÞ
 !
: ð3ÞEq. (3) shows that the formal potential depends via
D/o
h
aqCatþ on the nature of the cations in the aqueous
solution. Further, for a given cation, the formal poten-
tial should shift about 60 mV in positive direction per
decade of increasing the concentration of transferable
cations in the aqueous phase. This feature taken to-
gether with the stability of the voltammograms during
consecutive cycling (see inset of Scheme 1) shows whe-
ther the entire reaction at the three-phase arrangement
proceeds as described by reaction (I) or not. Fe(III)-
TPP-Cl does not dissociate in NB so that the chloride
ions do not leave the organic phase upon reduction of
Fe(III) to Fe(II). Resistance measurements of pure NB
and of 0.1 mol/l solution of Fe(III)-TPP-Cl in NB
showed in both cases an identical resistance of 5 MX,
indicating that no dissociation of Fe(III)-TPP-Cl occurs.
If Fe(III)-TPP-Cl dissociated in NB, the reduction of
Fe(III)-TPP would always be followed by the expulsion
of chlorides from NB to water phase since the standard
Gibbs energy of chloride expulsion from NB to water is
)37 kJ/mol [2]. In that case the peak potentials of the
SW voltammograms will be independent on the nature
of cations in the aqueous phase, what is obviously not
the case. The electrochemical reduction of Fe(III)-TPP-
Cl dissolved in nitrobenzene and immersed in aqueous
chloride solutions (or nitrate in the case of Tlþ) of
diﬀerent cations gives rise to well developed electro-
chemically reversible square-wave (SW) and cyclic vol-
tammograms. The potential separation between the
cathodic and anodic peaks of the cyclic voltammogams
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10 to 100 mV/s (see Fig. 2), while the ratio between the
cathodic and anodic peak currents changes from 1.15 to
0.90 for scan rates of 10 and 400 mV/s, respectively. The
variation of the potential separation between the ca-
thodic and anodic peaks is most probably due to an
increased ohmic drop eﬀect by increasing the scan rate.
The mid-peak potential of the cyclic voltammograms is
almost constant and changes by just 14 mV for the scan
rate being changed from 20 to 600 mV/s (results not
shown). All these features prove the electrochemical
reversibility of the studied system. In Fig. 1 several
normalized SW voltammograms recorded are showed
for diﬀerent cations present in the aqueous solutions.
Since no electrolyte is deliberately added to the organic
phase, the reduction of Fe(III)-TPP-Cl can occur only at
the line where the three phases are in intimate contact,
i.e., at the three-phase junction line, and the reaction will
advance towards the centre of the droplet [30] as a
consequence of activation of the electrode surface due to
the increasing conductivity of nitrobenzene due to the
generation of the ionic reaction products. According to
the recent publications of Aoki et al. [31] and Compton
and co-workers [32], the reaction is actually conﬁned to
the three-phase junction only when large scan rates are
used. For lower scan rates, the diﬀusion of the products
in the organic phase leads to an activation of the organic
layer up to about 0.23 lm [31]. From Fig. 1 it is obvious
that the more hydrophilic the cations in the aqueous
phase are, i.e., the more negative the value of D/NB
h
aqCatþ is,
the more negative is the peak potential of the SW vol-
tammograms and vice versa, strictly as predicted by Eq.
(3). Further, the dependencies of the peak potentials of
the SW voltammetric responses vs. the logarithm of the
concentration of the transferable cations in the aqueousFig. 1. Normalized square-wave voltammetric responses for the redox
reaction of Fe(III)-TPP-Cl in the NB droplet followed by the transfer
of cations from the aqueous solutions. Currents were normalised with
respect to the peak current values, separately for each response. The
concentration of cations was 1.0 mol/l in all cases.solutions gave slopes of 60–50 mV (in case of transfer of
TBAþ (tetrabuthyl ammonium) and TEAþ (tetraethyl
ammonium) cations), which is close to the values pre-
dicted by Eq. (3).
A fairly good correlation (data not shown) between
the peak potentials of the SW voltammetric responses
obtained by three-phase electrode approach when Kþ,
Rbþ, Tlþ, Csþ, TMAþ (tetramethyl ammonium), and
TEAþ were transferred from water to NB, and their
standard potentials of transfer across the waterjNB in-
terface was observed (the last values were taken from
[33]). However, the slope of Eh
0
c vs. D/
NBh
aqCatþ was 0.84
instead of 1 (when all cations are taken into account, the
slope is 0.73). Most probably, the reason for this in-
consistency is the inaccuracy of the previously deter-
mined standard potentials of cation transfer. In the
literature there are large deviations among the D/NB
h
aqCatþ
values provided by diﬀerent authors (see Table 1).
Therefore, it is clear why the slope of the dependence of
our Eh
0
c values vs. the literature data of D/
NBh
aqCatþ is not as
predicted by Eq. (3). Similar experiments were per-
formed with Fe(III)-TPP-Cl dissolved in 1,2-DCE. In
the case of TBAþ, TEAþ, TMAþ, Csþ, Kþ, Tlþ, and
Rbþ again a linearity between the Ef and D/DCE
h
aqCatþ
values was observed, however, the slope was 0.53 (data
not shown). Again, the reason for this deviation is the
large diﬀerence between the D/DCE
h
aqCatþ values provided by
diﬀerent authors (see Table 1).
Keeping in mind these discrepancies between the lit-
erature data for D/o
h
aqCatþ , we determined the standard
redox potential of the Fe(III)-TPP-Cl/[Fe(II)-TPP-Cl]
couple in NB by non-aqueous voltammetric measure-
ments. For this purpose the formal redox potential of
Fe(III)-TPP-Cl was measured in NB solution containing
102 mol/l TbutNþ hexaﬂuorophosphate as supporting
electrolyte, in the presence of ferrocene (Fc) as an in-
ternal standard. Since the standard redox potential of
ferrocene in NB is known from the literature [41], from
the diﬀerences of the formal potentials of the Fe(III)-
TPP-Cl/[Fe(II)-TPP-Cl] and Fcþ/Fc couples we have
determined the standard redox potential of the Fe(III)-
TPP-Cl/[Fe(II)-TPP-Cl] couple in NB, which wasTable 1
Literature data of the standard transfer potentials of some cations
across the waterjNB and waterjDCE interface
Cation D/NB
h
aqCatþ (V) D/
DCEh
aqCatþ (V)
Csþ )0.125 [34] )0.260 [37]
)0.185 [35] )0.385 [38]
TEAþ +0.040 [33] –
+0.075 [36]
TBAþ +0.240 [37] +0.170 [37]
+0.320 [2] +0.305 [38]
Kþ – )0.465 [40]
)0.580 [39]
Naþ – )0.230 [36]
)0.590 [39]
Fig. 2. Comparison between DGNB
h
WCatþ values determined with the
three-phase electrode and the corresponding values estimated using the
simple electrostatic Born theory.
Fig. 3. Correlation between the number of carbon atoms in the single
alkyl chain and Gibbs energies of transfer of the corresponding tet-
raalkyl ammonium ions.
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formal potentials of both couples were independent of
the supporting electrolytes present in NB. Using the
determined value of the standard potential of Fe(III)-
TPP-Cl/[Fe(II)-TPP-Cl] in NB, we estimated the stan-
dard Gibbs energies of cation transfer across the
waterjNB interface according to Eq. (3). The estimated
DGNB
h
aqCatþ data together with the literature data are given
in Table 2. Fig. 2 depicts the comparison between the
standard Gibbs energies of transfer of the cations de-
termined by our approach, and the corresponding values
estimated according to the simple Born theory [1]. The
ﬁrst linear part in Fig. 2 corresponds to the cations Kþ,
Rbþ, Csþ, Tlþ, and TMAþ (R2 ¼ 0:997), while the sec-
ond one corresponds to the values of the alkyl ammo-
nium cations (TMAþ, TEAþ, TBAþ, THxAþ
(tetrahexyl ammonium), THpAþ (tetraheptyl ammo-
nium), and TOAþ (tetraoctyl ammonium)) (R2 ¼ 0:998).
The reason for the diﬀerences in the slopes between both
linear parts is most probably due to charge delocalisa-
tion because of the positive inductive eﬀect of the alkyl
groups in tetraalkyl ammonium cations. These eﬀects
are not taken into account in the simple electrostatic
Born theory. The diﬀerences in the slopes cannot be
ascribed to ion association since the rather large di-
electric constant of NB does not allow signiﬁcant ion
paring eﬀects to occur. It is important to note that a very
bad or even no correlation exists between the DGNB
h
aqCatþ ,
values of tetraalkyl ammonium cations provided
by other authors (see Table 2) and the DGNB
h
aqCatþ ,
values estimated according to the Born theory.
Although this does not conﬁrm the correctness of our
results, it is still very much supporting our data. Fig. 3
shows that there exists a good correlation between the
number of carbon atoms in the single alkyl chain of the
ammonium ions and the Gibbs energies of transfer of
these ions. This dependence resembles a similar one for
n-carboxylate anions [13].
Finally, it is worth noticing that due to the large as-
cending currents arising from the reduction of nitro-Table 2
Standard Gibbs energies of transfer of cations across the waterjNB interfac
authors
Cation DGNB
h
aqCatþ
a (kJ mol1)
(our approach)
DGNB
h
aqCatþ (kJ mol
1) [2]
Kþ 22.65 21.00
Rbþ 19.80 19.00
Tlþ 19.30 18.00
Csþ 17.80 18.00
TMAþ 9.60 4.00
TEAþ )0.50 )5.00
TBAþ )8.20 )31.00
THxAþ )8.21 –
THpAþ )8.78 –
TOAþ )10.09 –
a Estimated using the value of E0FeðIIIÞTPP=FeðIIÞTPP-ðNBÞ ¼ 0:260 V (vs. Ag/Abenzene at potentials more negative than )0.45 V (see
Fig. 1), it is not possible to study the transfer of cations
the standard Gibbs energies of which are higher than 23
kJ/mol (such as Liþ, Naþ, and most of the amino acid
cations).e estimated by our approach and compared with the values of other
DGNB
h
aqCatþ (kJ mol
1) [42] DGNB
h
aqCatþ (kJ mol
1) [33]
23.40 21.00
19.2 19.00
18.00 19.40
15.40 12.50
3.40 4.80
)5.70 )4.80
)24.00 )24.00
– –
– –
– –
gCl).
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In this work we succeeded to measure the standard
Gibbs energies of transfer of cations with the help of a
three-phase electrode, completely analogously to the
previously reported case of anion transfer [12]. The new
method will be applied to determine these data for many
more cations. Yet, a careful comparison of the results
with the data obtained with other techniques will be
necessary. Moreover, it is essential to ﬁnd out the limi-
tations of the new approach with respect to solvents and
cations. Certainly also a search will follow for other
electroactive reagents that track cations into the organic
phase, possibly even better than Fe(III)-TPP-Cl.Acknowledgements
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